Introduction
Planktonic Foraminifera are a group of zooplankton with a biomineralized shell having a latitudinal distribution ranging from the poles to the equator (Bé et al. 1977; Hemleben et al. 1989 ). Due to their potentially undisturbed deposition on the sea floor and generally good preservation, as well as to the large and still expanding collection of data going back to the 1970s and resulting from the various deep sea drilling programs (DSDP, ODP, IODP), they are excellent biostratigraphic index fossils.
In spite of their great stratigraphic importance, some of the fossil planktonic Foraminifera lineages are poorly known, especially at the beginning of their ranges. However, their taxonomy is primordial to ascertain lineages and to use them as an efficient biostratigraphical tool in the fossil record where no genetic control is available for most of the extinct species.
Historically, taxonomic distinction of the Foraminifera was based primarily on the gross shell morphology, and therefore the morphospecies concept was used. The increasing use of SEM imagery on a large scale allowed Bé (1968) and Bé et al. (1969) to focus their investigation on the wall texture to better understand the shell growth patterns. This approach is based on the assumption that the wall texture reflects basic growth habitats for genera and even species (Bé 1968) . He also attempted to link wall texture and distribution patterns of Foraminifera over latitudinal belts. As a consequence, the potential of wall textures at genus and species level but also as climatic indicators was recognized (Bé 1968) . Bé (1968) , who pioneered this approach, restricted his work to recent planktonic assemblages. He focused on two parameters defining shell porosity: the number of pores on a given shell surface (25 lm 9 25 lm) plotted against the pore diameter. His approach yielded promising results not only as a tool for discriminating genera and in some cases even species (Bé 1968 ) but also to relate shell porosity to various climatic belts. Several researchers extended and applied this approach on porosity of living Foraminifera to other environmental aspects such as the bottom water oxygen content (e.g., Kuhnt et al. 2012) . Porosity studies were also extended to the fossil record, and used, in particular, for palaeoceanographic reconstruction Fisher 2003) , or as a more refined criterion to define wall textures (Hemleben and Olsson 2006) . Bé (1968) noted that pores should be measured on the internal side of the shell, as the outer side is often obscured. In particular in the fossil record, Foraminifera are frequently poorly preserved (e.g., Spezzaferri 1995; Herrero and Canales 2002) , and this seriously hampers the identification of species and even more a precise analysis of the outer shell ultrastructure. Indeed, in many cases, calcification (e.g., Hemleben et al. 1989; Caron et al. 1990 ), recrystallization (e.g., Sexton and Wilson 2009) , test dissolution (Hemleben and Olsson 2006; Schiebel et al. 2007; Johnstone et al. 2010; Nguyen et al. 2011) , diagenetic alteration (Hemleben and Olsson 2006) considerably affect the ultrastructure including pore diameters, and even the general test morphology. Additionally, the curvature of the shell may also hinder the precise assessment of the pore size, especially when associated with a thick shell (Bé 1968; Hemleben et al. 1989) . Artefacts related to SEM photography (Castle and Zhdan 1997; Marinello et al. 2008 ) may also prevent a precise estimation of the pore dimensions.
While not all the researchers who conducted this kind of research in the fossil record specify if measurements were taken on the internal or the external side of the test, some do mention that they collected the data internally (e.g., Frerichs and Ely 1978; Fisher et al. 2003) . In these latter cases, data are analysed with various software packages (e.g., SPSS Sigmascan) that measure the overall porosity. However, in some cases, it is necessary to know the dimensions of individual pores (e.g., in case of high intra-individual variability, or when only very small test fragments are available). The major purpose of this study is to better assess pore morphometry, and therefore, we present a new approach where one-by-one measurements of pores are taken from the inside of the test.
Materials and methods
This study is based only on macroperforate planktonic Foraminifera with cancellate wall texture. Genera with smooth or with microperforate wall texture are not included in this study. These latter types of wall textures are problematic, notably because of differential internal test dissolution (Schiebel et al. 2007 ). Thus, they require other approaches, and are not considered here.
Our study focuses on the inception of the lineage of the genus Globigerinoides. Internal pore morphometry was performed on specimens from DSDP cores from DSDP Site (Hollister et al. 1972; Worzel et al. 1973; Edgar et al. 1973a; Edgar et al. 1973b; Barker et al. 1983; Moore et al. 1984) , and ODP cores from ODP Site (Barron et al. 1989 ), all spanning zones P22 to N5 and exceptionally N6 (Catapsydrax stainforthi Zone sensu Bolli 1966; Bolli et al. 1985) .
We investigated shell porosity on SEM images taken on the internal shell and compared them with images of the external shell surface. Magnification ranged from 1,200 to 1,5009, exceptionally up to 6,0009. Only adult specimens were chosen. Measurements were performed on the last chamber of each specimen, except in cases when it was a kummerform. After having taken images of the external shell surface, the ultimate chamber of each individual was broken manually under the binocular microscope, using a steel needle microlance with an external diameter of 0.3 mm, attached to a plain medical syringe. The fragments (1-3 for each individual) were fixed with the concave inner side upwards and prepared for the SEM with a gold coating of 40 nm. Pictures were taken with the viewing angle normal to the centre of the image in order to avoid pore distortion (Bé 1968) . For the same reason, diameters were (Fig. 1) . When the pores were not circular (but elliptic), the ''longest'' diameter was systematically measured.
Two hundred sixty-seven specimens were selected, and a total of 535 images have been obtained. In contrast to pore measurements performed externally, where only a few diameters could be quantified, a very high number of measurements from the inside of the shell was obtained (up to 189 measurements per specimen, depending on the quality of the images). However, such an extensive data set does not considerably improve the precision, as a minimum of 30 measures is generally sufficient to obtain a normal approximation (Ross 2004) . We have reduced our investigation to two subsets, one including 73 specimens (for the study of intra-individual pore variability) and the other including 58 specimens (for the comparison between the external and internal pore measurements). For each specimen we computed the mean value of all the measurements obtained, and we consider this value to be representative of the pore-dimension.
Results and discussion
In the fossil record dissolution and/or recrystallization often modify the external surface of the foraminiferal wall texture (Hemleben et al. 1989; Thunell 1976; De Vernal et al. 1992; Kotler et al. 1992; Green et al. 1993; Lohmann 1995) . Dissolution of the test, in particular, seems to occur while empty planktonic shells sink through the water column, mostly in the photic zone (Milliman et al. 1999; Schiebel 2002; Schiebel et al. 2007 ), or while they reach the sea floor and become part of the sediment Clark 2001, 2002) . This process may induce an important weight loss as compared to the initial weight of the test (Broeker and Clark 2001) .
Calcite overgrowth due to gametogenic calcification (Hemleben et al. 1989 ) may also cover the outer surface of shells preventing a correct estimation of the pore diameter. It may also fill pore channels, partly or entirely . This occlusion of the pores from the outside is one of the most relevant features we encountered and it has been observed in about 95 % of our images. Indeed, only about 5 % of all images taken from the outside of the test yielded an accurate perception of a ''clean'' pore diameter (Fig. 4a-b) .
Artefacts related to the SEM and/or linked to visual perception may distort the process of measuring the external pore diameters (Castle and Zhdan 1997; Marinello et al. 2008) . The diameter seen through a pore channel, which is more or less sealed, may be difficult to assess as ''real'' (i.e. as seen through a ''clean'' pore channel), as it is impossible to estimate the degree to which the pore filling biases the measurement (see Fig. 4 ). Additionally, an image may undergo subjective interpretation connected to visual perception. Qualitative tests performed on different persons (scientists) showed that their interpretation of the same image may be different (Fig. 5) .
Moreover, the convex curvature of the shell surface associated with the wall thickness induces a radial divergence of pores-the thicker the wall, the stronger the resulting distortion (Bé et al. 1969 (Bé et al. , 1973 -and this also reduces the usable part of the image to its central part, where the direction of the electron beam is normal to the shell surface (Marinello et al. 2008 ; see also Fig. 4a) . If the electron beam is not perpendicular, the pore diameter may sometimes be inferred (e. g. if the internal margin of the channel can be seen), but the result is not fully reliable. Therefore, such an approach of pore diameter estimation should be avoided.
Taking into account these practical limitations, the overall number of valid measurements obtained from the outside of the shell is low (three to five values on average, but often only one or two), and this does not allow any assessment with statistical confidence. Considering the relatively high pore variability (Fig. 6) , which is readily recorded, individual values as well as averages calculated on few measurements, should definitely be avoided and mean (or median) values of at least 30 diameters (Ross 2004) should only be used.
Indeed, intra-individual variability in size and shape of the pores in planktonic Foraminifera has already been recognized, in general as a morphological indication of cryptic speciation (Huber et al. 1997; Morard et al. 2009 ), sometimes with a clear a bi-modal distribution (Morard et al. 2009 ). The genus Globigerinoides at the beginning of its range in the Late Oligocene-Early Miocene (Spezzaferri 1994 (Spezzaferri , 1995 also displays an important amount of variability even at the species level (see Fig. 6 ; Table 1, ESM 1), which is at the moment poorly understood. In order to assess this intra-individual variability we took a closer look at the mean diameters of a chosen set of 73 specimens (Table 1, ESM 1) on which we performed internal measurements, following the procedure described above. We first computed the variation coefficient on this data by normalizing the standard deviation (r) around the mean (l); it amounts to 33.2 %. Under the hypothesis of a normal distribution (which is assumed here), the interval (l -2r, l ? 2r) contains 95 % of the data. In our case, r is approximatively 0.33 l, thus the interval is (0.34, 1.66 l). We see that he spreading around the mean is high (the length of the interval is 1.32 l). A Welch's test (Johnson and Welch 1940) was performed on this data to determine if the variation coefficient is greater than a 10 % value, which is a reasonable variability. The test shows that our variation coefficient is significantly larger than 10 %, the p value is almost 0, which means that the variability is statistically significant.
Another way to compute the variability without assuming a normal distribution is to deal with the interquartile range, which is the quantile at 95 % minus the quantile at 5 %, and it represents the length of the interval around the median, encompassing 90 % of the data (i.e. 90 % of the 73 specimens). This interquartile range amounts to 0.42 nm; compared to the median it amounts to approximately 115 %. This implies that the spreading of Fig. 4 Different degrees of biases, due to the inclined incidence of the electron beam and affecting the perception of pore diameters. a Inside of black dotted line reliable measurements, inside of orange dotted line measures may be conjectured, inside of red dotted line measurements should not be used. b Inside of red dotted line images unreliable because of radial divergence. In the orange zone even if the pore is partially infilled, the full length of the diameter can be perceived the data around the median is very high, its range being even larger than the value of the median itself. We see that both approaches convey the same information, i.e. that the specimens of the sample analysed exhibit an important intra-individual variability.
These results confirm and justify the fact that it is essential to acquire an important number of measurements (C30) to assure that the empirical values (of the pore diameters, in our case) are the closest possible to the ''true'' values, and to allow a statistical treatment. The lack of a significant number of measurements is an important drawback, that can only be avoided by using internal pore measurements. Indeed, the internal side of the shells is less affected by recrystallization, and in most cases pores are not filled and/or covered by external material (e.g., nannofossils) (Fig. 7a-b) .
In previous studies (Huber et al. 1997; Fisher et al. 2003; Morard et al. 2009 ) the overall porosity was treated on a statistical basis, using different softwares such as SPSS Sigmascan Pro, OPTIMAS and others. It is worthwhile noting here that porosity (percentage of pore surface per given surface) rather than pore concentration (number of pores per given surface) should be used for temperature or palaeoceanographic reconstructions, as the same porosity value can be achieved either through a large number of small pores or a small number of large pores (Fisher et al. 1972 . For the treatment of the images the above mentioned software packages proceed by contrasting, i.e., they blacken the grey values (representing the voids in the surface, i.e., the pores of the shell) that exceed a given grey-value threshold. In the next step the programs calculate the overall ''black'' (=pore) surface compared to the surface of the whole image. The value thus obtained represents an average porosity, which can be extended to the whole shell surface. However, this method requires a correction phase to remove biases due to the electronic image analyser (Morard et al. 2009 ).
In contrast to the above method, the morphometric approach that we present in this study measures the pores internally and individually. As this approach is direct, with no distortion of the pores (because of reduced inner recrystallization the image is ''clean''), with no bias due to either shell thickness or radial divergence, and with no 20 µm approximation (no perceptive distortion), the assessment of the inner pores requires no further correction. We tested the validity of this new approach on a set of 58 individuals by comparing internal and external pore measurements of the same individual (Table 2 , ESM 2). The aim was to check if some systematic correlation possibly existed between these differently acquired values (i.e., if externally measured values were systematically smaller than the ones measured from the inside). If such a trend existed, some kind of conversion index between external and internal pore sizes could be calculated to ''normalize'' external measurements-which are easier to obtain-and convert them to ''real'' ones.
However, no such trend is present ( Fig. 8 ; Table 2 , ESM 2). If 12 % of the individuals (7 out of 58) (see Fig. 8 , inside of the red box) exhibit internal and external values that are comparable, that is that the difference between the internally and externally acquired values is ''small'', \0.065 lm, no correlation can be observed for the remaining 78 % ones: while for half of them (43 %) internal measurements are larger than external ones (their difference [0), for the other half (45 %) it is quite the opposite (the internal ones are smaller than the external ones). The values are randomly distributed (see Fig. 8 ). Thus no conversion index could be calculated and external measures were excluded from the data set.
Various researchers have noted that planktonic Foraminifera may display inner dissolution of their calcitic tests, possibly due to a low pH within this internal microenvironment (Schiebel et al. 2007 ). Dissolution, however, (1) works selectively (Dittert et al. 1999 ) and (2) was studied mostly on recent microperforate specimens (Schiebel et al. 2007; Schiebel 2013, pers. communication) . However, no signs of dissolution were observed in the inner part of the shells of any of the studied specimens possessing a macroperforate cancellate and honeycomb Globigerinoides type wall texture (Spezzaferri 1994) . Therefore, we suggest that (1) although Globigerinoides are among the Foraminifera most sensible to dissolution (Spezzaferri 1995) , dissolution affects their shell from the outside towards the inside, and that (2) the weight loss observed by Clark (2001, 2002) and Lohmann (1995) results from dissolution of the external overall test layers, rather than by enlargement of the pores from the inside of the shell.
Limitations
Although this method produces reliable results and large data sets, it has one limitation. It can be applied only to samples where a sufficient number of specimens that can be broken is available. Evidently it can not be applied on type specimens that have to be preserved for comparison.
Time could also be expected to be a limitation. Breaking of the tests and fixing them on the SEM stub is somewhat time consuming, but more than time, this demands a certain delicacy in manipulating the broken shells, which is readily acquired through training. The SEM imaging of the broken tests requires the usual time for photographing. However, as the whole process does not necessitate further corrections and yields high quality images, this favourably compensates the extra time spent on photographing.
Conclusions and outlook
The applications of this new measuring method are multiple. In addition to its first objective (porosity analysis applied to species distinction and as an environmental index) it allows, more specifically, the assessment of intraindividual pore variability, a quantitative comparison between internal and external pore measurements, as well as the quantification of the pore growth during ontogeny.
So far, the majority of pore measurements used for morphometry were performed on SEM pictures either of the outer shell of planktonic Foraminifera (which produce invalid data) or were processed by an overall analysis of the porosity, when measured from the inside. We demonstrate here that the external pore measurements are not reliable and should not be used for quantitative studies. We also propose an alternative method of analysing pores from the internal side of the test and on an individual basis.
This method is direct, easy to perform and offers three important advantages: (1) the measurements are more accurate as recrystallization affects the inner side of the Difference (µ) external pore diameters Fig. 8 The figure plots the difference between internal and external values. If this difference is [0, it means that the internal pore values are larger than the external ones; conversely, when it is \0, the externally obtained values are higher. Only 12 % of the measurements (inside red box) are comparable (i.e., their difference is ''small'', \0.065 lm). The values are randomly distributed and no trend appears shell at a lesser degree than the outside; (2) as opposed to studies on overall porosity, it allows to acquire very accurate data for each pore, and this, in turn, permits to calculate overall porosity on a more precise basis and (3) it provides an important number of data for statistical purposes. Given the important variation of intra-individual pores, statistical approaches should preferentially be used, and approaches based on a few measurements only (e.g., external approach) should be avoided. Finally, this study reveals that although Globigerinoides is dissolution susceptible, this process seems to affect their shell progressively from the outside towards the inside of the test.
